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Abstract 


Introduction. Currently, there is a problem with the accumulation of large amounts of production waste. One type of 
this waste is excess activated sludge, which is a waste product from biological wastewater treatment that has a high 
moisture content. When excess activated sludge is deposited in beds, problems can arise related to changes 
in the gas-air environment, the release of unpleasant odors, as well as the contamination of groundwater and soil. 
Prolonged presence of sediment in sludge beds in oxygen-free conditions leads to its decay and deterioration of 
moisture-yielding properties. For these reasons, the development of new methods for disposing of large volumes of 
waste generated during wastewater treatment is essential. The aim of this research is to develop a technique for 
preliminary neutralization and thermal treatment of excess activated sludge using energy waste. 

Materials and Methods. The work used excess activated sludge with a moisture content of 98.2% (waste of hazard 
class IV). Water treatment sludge (waste of hazard class V) was used as a reagent to increase moisture yield. For 
experimental studies on dehydration, a laboratory centrifuge Elmi CM-6M.01 was used. Tests were conducted under 
various conditions (500, 1,000, and 1,500 revolutions per second for 1, 2, and 3 minutes), and the value of 
centrifugation was determined as a criterion for moisture yield in the sludge. Fuel pellets were produced by rolling 
with technical lignosulfonate as a binding agent. Elemental analysis of the samples was conducted to study the 
possibility of thermal treatment using an EA 3,000 Euro Vector Analyzer. 

Results. A comprehensive technology has been developed to clean the resulting gas emissions from solid particles 
formed during the combustion of fuel pellets and remove them from the furnace in the form of fly ash along with the 
outgoing gases. This technology also removed sulfur oxides, nitrogen oxides, and polychlorinated dibenzodioxins and 
dibenzofurans, while beneficially utilizing flue gas heat by reducing its temperature from 900—1,200°C to 140°C. 
Discussion and Conclusion. The approach proposed in this article for the processing and disposal of large volumes of 
waste allows for the reduction of moisture content of excess activated sludge and the use of this waste as a secondary 
energy source. This method is environmentally friendly and addresses both technical and environmental challenges, 
such as the effective recycling of industrial waste and reducing the anthropogenic impact on soil, air, and groundwater. 
It also provides an opportunity to generate additional electrical and thermal energy through thermal utilization of waste. 
The results of this work indicate that it is possible to integrate the use of various types of industrial waste (sewage 
sludge, water treatment waste, and pulp and paper industry waste) as secondary energy sources. These findings have 
practical implications for enterprises in both the municipal and industrial sectors with wastewater treatment facilities. 
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AHHOTalna 

Beedenue. B nactosulee BpeMa CylecTByeT MpoOsemMa HaKOMJICHHA MHOTOTOHHAKHBIX OTXOJOB MpOH3BOACTBa. OHM 
M3 TaKHX OTXOJOB ABJIACTCA H30bITOUHBIM aKTHBHbIM WI — OTXO OMOMOrM4ecKOM OYHCTKH CTOUHBIX BOL, 
XapakTepH3yIOlHlica BbICOKOM BaxKHOcTEIO. IIpH enoHupoBaHHuH W30bITOUHOTO aKTMBHOTO Wla Ha KapTax 
BOSHHKAaIOT MIpOOJIeMBI, CBA3AHHbIe C M3MCHEHHEM Ta30BO3LYIIHOFO (OHA, BbIAeCIICHHeM HEIPHATHBIX 3alaxOB, a TakoKe 
3arpA3HeHHeM TpYHTOBBIX BO H 104UB. IpoxoumKUTeIbHOe HaxoxKAeHHe OCaKa Ha WIOBBIX KapTax B O€CKHCJIOPOAHBIX 
YCIOBHAX IIPHBOJMT K ero 3arHHBaHHIO, YXYAMWCHHIO BarOOTAaoWMx cBolicTB. Ilo sto MpH4unHe paspadoTKa HOBBIX 
TMOAXOAOB K YTHJIM3alM4H MHOFOTOHHaxKHOTO OTXOa, OOpasyrlolerocd MpH OUYMCTKe CTOUHBIX BO, ABIACTCA 
akTyaIbHo. Lembro faHHoro ucceqoBaHuA cTala paspadoTKa cmocoOa MpexBapuTebHOrO OOe3BpexKHBaHHA U 
TepMHYeCKON MepepaooTKH U3ObITOUHOLO AKTHBHOTO Wa C IPHMeCHeCHHeM OTXOJa JHEPreTHKN. 

Mamepuanot u memooot. B padote ucromb30BasIM W30bITOUHBIM AKTUBHBIM WI C BIIaKHOCTHIO 98,2 % (oTxoy IV Kmacca 
omacHocTH). B kauyecTBe peareHTa JIA NOBbILICHHA BIAarOOTAadH MpHMeHAJIM WIaM BOAOMOATOTOBKH (OTXOA V Kacca 
omacHocTH). Jit 9KCIepHMeHTaJIBHBIX HCCIeELOBaHHH 10 O6e3BOX%KHBAHHIO HCHOb30BaIIM JAOOpaTOpHy!O WeHTpuPyry 
Elmi CM-6M.01, Ha koTopoi mpoBoAHIM MCHbITAaHHA Tp pa3IM4HBIX ycouoBUuAX (500, 1 000 u 1 500 06/cex B TeyeHne 
1, 2,3 MHHYT) 4 ONpexeAIM 3HaYeHHe MHAeKca WeHTpHpyrMpoBaHHA Kak KPHTepHA BIAarOOTAayH OcayKa. TOMJIMBHBbIC 
TpaHyJibl Obi pa3spadoTaHbI MeTOJOM OKaTbIBaHHA C TPHMCHeHHeM B Ka4eCTBe CBA3YIOWero TexXHH4ecKoro 
JIMTHOCyIb*oHata. DIeMeHTHBIM aHalH3 oOOpa3lOB C LWesIbIO H3Y4eCHHA BOS3MOXKHOCTH TepMH4ecKOH yTHMIM3alHH 
MpOBOAWICA C IpHMeHeHveM aHau3atTopa EA 3 000 Euro Vector. 

Pe3yibmamot uccnedosanua. PaspadotaHa KOMIVICKCHad TEXHOJIOFHA OUMCTKH OOpa3yIOWIMXCA Ta30BbIX BbIOPOCOB OT 
TBePAbIX YaCTHU, OOpa3sylOWHxXcA IPH CKHTAHHM TOMIMBHBIX TpaHyJI HM BbIHOCHMBIX M3 TOMKM B BUC 3O0JIbI-yHoca Cc 
yxoyamuMu ra3amu. IIpw 3TOM OMHOBpeMeHHO TakKe yasIAIOTCA OKCHAbI Cepbl, a30Ta, MOJMXJOPHpOBaHHbIe 
TMOCH30AMOKCHHBI HU WHOeH30dypaHbI Mp yCOBHH MoOue3HOrO HCHOb30BaHHA Tera JbIMOBbIX Ta30B 3a CUeCT 
CHWKeHUA UX TemMiepatypsl c 9DN0—1 200 °C qo 140 °C. 

O6cysrcdenue u 3aknio4uenue. IIpenmaraemblii B cTaTbe HOAXOA K MepepadoTKe M YTHJIM3allHH MHOTOTOHHaKHBIX 
OTXOJOB TO3BOJIACT CHH3HTb BIaKHOCTS M30bITOUHOLO AKTHBHOFO W1a HW HCMOb30BaTb OTXO] B KavYeCTBe BTOPH4YHOTO 
3HepreTHueckoro pecypca. Takoli crocoO saBiaeTcd 39KOIOrM4YeCKH Oe30MaCHbIM HM MO3BOJIACT PCLIHTb JBOMHYIO 
TEXHHKO-9KONIOTHYeCKyIO 3alary — 9pPeKTHBHy!O MepepaOoTKy OTXOOB MpOH3BOACTB, CHWMKeHHe AaHTPOMOreHHoH 
Harpy3KH Ha MOUBbI, BO3ZYX, MOJ3eMHbIC BObI, a TaWKE MOUYIeHHe OMOMHUTeIbHOM BICKTPHYeCKOM HM TermIOBOH 
3Hepruu WyTeM TepMuyecKoH yTuIM3ayHH. PesyibTaTbI paOOTbI CBUACTEIbCTBYIOT O BO3MO2%KHOCTH KOMII€KCHOrO 
MCHONb30BaHHA KOMOMHALMM OTXOOB Pa3JIM4YHBIX MPOH3BOACTB (OCaKOB CTOUHBIX BO, OTXOAOB BOOMOZTOTOBKH H 
I[CJUIFOIO3HO-OyMaxKHOM IIPpOMBIJICHHOCTH) B KaYeCTBe BTOPHUYHBIX 9HepreTHuecKHX pecypcosB. Ilomyyenupre 
Pe3YJIbTATHI MpeACTAaBIAIOT IpakKTH4eCKHM MATepec WIA IpeAIPHATHM KOMMYHAJIbHOrO HM MPOMBILLJIeCHHOrO CeKTOpa, Ha 
KOTOPbIX HMECIOTCA COOPyKCHHA OUMCTKH CTOUHBIX BOL. 


Korouesple cJ10Ba: OTXO/JIbI, W30bITOUHbIN AKTHBHbIM UII, obe3BpexHBaHHe, TepMH4eCCKad YTHJIM3aWHA, TOUJIMBHBIC 
TpanyJibl, IKOJIOTHAYCCKH Oe30lacHad TEXHOJOrHA 
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Introduction. Ensuring environmental safety and reducing the environmental impact on the environment by 
developing and implementing integrated approaches to waste management is a key goal in the field of sustainable 
development. However, a significant amount of waste is still disposed of due to a lack of efficient waste processing and 
disposal facilities. The intensive growth in the volume of various categories of waste leads to an increase in the 
environmental burden on landfills and storage facilities every year. This results in environmental pollution problems 
due to improper landfill operations and the need for territorial expansion. A significant portion of the waste currently 
being disposed of could be recycled and reused, significantly reducing the load on landfills and providing a ready-made 
secondary resource for further use in the production cycle. 

One of these wastes is excess activated sludge, a type of sediment formed in the process of biological wastewater treatment, 
which is diverted to sludge pits for drying in natural conditions. At the same time, about 100 million tons of such sediment are 
produced in the Russian Federation each year. The storage of excess activated sludge leads to a change in the gas-air background, 
the spread of unpleasant odors and bacterial contamination of soils. 

Another large volume of waste product is sludge from water treatment of thermal power plants (TPP), which is 
generated in clarifying filters during liming and coagulation processes of natural make-up water. This sludge is 
discharged as a pulp into sludge reservoirs. During its storage, there is a risk of soil alkalization and increased 
mineralization of groundwater. 

A common problem that is typical of the storage of large volumes of waste is the alienation of agricultural lands and 
territories, as well as an increase in anthropogenic load on the environment. 

To reduce the anthropogenic load, various methods of the disposal of waste are used, including excess activated 
sludge [1]. For example, activated sludge is processed to obtain an adsorption material for the sorption of oil and 
petroleum products [2], as well as to extract phosphates and other pollutants from urban wastewater [3]. Another way to 
recycle activated sludge is its use as an additive to organic mineral fertilizers [4], in construction in the manufacture of 
concrete mix [5], as well as in the process of anaerobic fermentation to produce biogas and to use the solid phase (cake) 
as a fertilizer and recultivant [6]. There are works by foreign and modern authors on the use of the energy potential of 
excess activated sludge. For example, in [7] it is proposed to obtain hydrogen from waste activated sludge using a 
microbial electrolytic cell in which organic compounds can be used as a substrate. Pyrolysis of activated sludge is 
another way to use the energy potential and obtain additional energy during thermal decomposition of excess sludge of 
pre-pyrolysis gas, semi-coke and liquid fraction [8]. 

The aim of this work was to study and develop a method for preliminary neutralization and thermal processing of 
excess activated sludge using large-tonnage energy waste. 

Materials and Methods. Experimental laboratory studies were conducted using excess activated sludge, which was 
obtained from biological wastewater treatment. The species composition of the sludge included protozoa, amoebas, 
rotifers, infusoria, nematodes, and actinomycetes, as well as other microorganisms. 

Activated sludge had a flake-like structure that was brown in color and was a heterogeneous system with fine 
suspensions. Its granulometric composition was determined, with particles less than 1 mm accounting for 98% of the 
total, particles between | and 3 mm accounting for 1.5—1.8%, and particles larger than 3 mm accounting for only 
0.4-0.6% of the overall composition. The density of this material was 1.11 g/cm?. Main organic components of the 
sludge were proteins, fats, and carbohydrates, which made up 75-85% of its ash-free (organic) matter. The 
remaining 15—20% was accounted for by a lignin-humus complex [9]. Table | shows the component composition of 
excess activated sludge. Protein substances were mainly present in raw sludge, while humic compounds were present 
in fermented sludge [10]. 


Table | 
Component composition of excess sludge 
Protei Total 
Parameter Ash content | a-cellulose Hemicellulose eat Fats . an Phosphorus 
humates nitrogen 
% 12.00-15.00 | 0.80—2.00 2.20-2.60 30.00-35.00 |7.11-14.00| 6.80-7.30 5.40 


Humidity of the activated sludge used after secondary settling tanks was 98.2%, after settling under the influence 
of gravity it decreased to 94%. Ash content of activated sludge was 12.2%. Excess activated sludge belonged to 
hazard class IV. 

Chemical composition of the mineral part of the excess activated sludge included (wt. %): SiO02 — 35.7; AlO3 — 12.3; 
Fe,x03— 7.8; CaO — 14.2; MgO — 9.4; Kx0 — 0.8; NaxO — 2.1; ZnO — 0.22; CuO — 0.12; NiO — 0.28; Cr203 — 0.23. 
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Excess activated sludge belongs to the group of hygrophilic organic substrates that easily rot and. For this reason, it was 
treated [11]. The organic part of the excess activated sludge was subject to rapid rotting with the release of an unpleasant odor, 
while the number of colloidal and fine particles increased, as a result of which sediment moisture yield decreased [12]. 

Moisture of activated sludge included free, colloid-bound and hygroscopic forms. Free moisture was not associated 
with solid particles and was easily removed by drying on sludge beds, filtration or extraction at low pressures, and 
dehydration [13]. Colloid-bound moisture was extracted from sediment with higher energy consumption, could be 
removed by filtration and centrifugation during coagulation. Complete removal of colloid-bound moisture was possible 
only by drying at elevated temperatures. Hygroscopic (or chemically bound) moisture made up to 8—10% of the total 
mass of water and was not removed even during thermal drying, but only by sludge combustion [14]. 

In addition to high humidity, activated sludge was characterized by low moisture loss, which was due to the 
presence of colloid-bound and hygroscopic moisture in it. Colloid-bound moisture was present in the activated sludge 
due to the processes of rotting of its organic part, since rotting was characterized by increased formation of fine, 
colloidal particles. 

In the study, it was proposed to extract colloid-bound moisture by pretreating excess activated sludge with sludge 
from thermal power plant water treatment and further their joint centrifugation. 

It was proposed to use TPP water treatment sludge as a reagent, which was a waste of hazard class V, formed during 
the preparation of make-up water at TPP. In this case, the slurry pulp was sent to sludge accumulators for its placement 
and storage. Chemical composition of carbonate sludge of Kazan TPP-1 (% by weight): Ca** — 87; Mg** — 9.7; 
CO;* — 71.7; OH- — 10.03; SO. — 5.7. 

During the experimental studies, the moisture content of the slurry pulp was reduced from 87% to 3% by dewatering the 
waste in the heat drying shop. Humic substances in the amount of up to 11% of the total mass of the sample were present in 
the sludge, which was determined by gas chromatography-mass spectrometry [15]. The physical-chemical characteristics of 
the sludge were determined: bulk density — 572 kg/m’, ash content of the sludge — 89%, moisture capacity — 56% (wt.), 
pH of the medium — 8.54. Granulometric analysis conducted by the sieve analysis method showed that the main fraction of 
the sludge (about 96%) was 0.09-0.50 mm. 

During dosing, the water treatment sludge was evenly distributed among the large fibers and solid particles present 
in the excess activated sludge, and the sediments were thoroughly mixed. 

In experimental studies, an Elmi SM-6M.01 laboratory centrifuge was used to dewater excess activated sludge. The 
waste pre-mixed in various proportions (activated sludge and sludge) was separated in a centrifuge at speeds of 500, 
1,000 and 1,500 r/s for 1, 2, 3 minutes. 

Further, the centrifugation index was determined as a criterion for sludge water yielding capacity [16]. 

The assessment of moisture yield and sedimentation properties of activated sludge was carried out according to the 
value of the centrifugation index J (cm*/g), calculated according to formula: 

fast : 
Vo-C 
where V,,and Vp — volume of compacted and initial sediment, cm*; C — concentration of initial sediment, g/cm’. 

Centrifugation index, as a parameter as a criterion, allowed an assessment of the increase in the efficiency of dry matter 
retention during the pretreatment of excess activated sludge with water treatment sludge. After dehydration, the sediment was 
sent for thermal disposal. For the convenience of dosing by the rolling method, fuel pellets of S—7 mm in size were developed. 
Technical powdered lignosulfonate and technical corn starch were used as a binder. Lignosulfonate was a powder from light 
yellow to brown in color, which was a by-product of cooking pulp. Technical corn starch was a homogeneous powdery 
material from white to light yellow in color and acted as one of the most multifunctional raw materials. 


The choice of binders was due to their availability, low cost, low humidity (no more than 8% and 10%, respectively) 
and high heat of combustion (the lowest heat of combustion was 17.2 and 16.8 MJ/kg, respectively) [17]. The selected 
binders were explosion- and fire-proof. 

Next, general technical characteristics of the obtained granules were determined: humidity, ash content, abrasion 
resistance, bulk density, as well as the heat of combustion of the granules. The elemental analysis of the samples was 
carried out using an EA 3,000 EuroVector analyzer. Based on the conducted research, a suitable scheme for gas 
emissions treatment was selected. 

To obtain reliable data, all experimental studies were conducted at least three times. 

Results. Experimental studies have shown that activated sludge was characterized by high humidity — 98.2%. For 
effective dewatering, centrifugation of excess activated sludge and sludge of water treatment was carried out. Figure | 
provides the results of experimental studies. 
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According to the results of the study, it could be seen that with an increase in the dosed sludge, the centrifugation 
index decreased. The most optimal choice was centrifugation of excess sludge during pretreatment with sludge in the 
amount of 0.6 g/dm? for 1 minute at a speed of 1,000 r/s. 


I,cm?/g /\ 


18 


Fig. 1. Dependence of the centrifugation index value (I) on the dose of sludge (D): 
— (black) — 500 rpm; — (orange) — 1 000 rpm; — (blue) — 1 500 rpm; 


— — | min; === — 2 min; == — 3 min 
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During centrifugation, solid particles of water treatment sludge contributed to the rupture of colloidal systems and 
an increased yield of hydrate-bound moisture. The aggregative stability of excess activated sludge was disrupted, which 
contributed to increased moisture yield. 

In addition, activated sludge particles were an amphoteric colloid and, like most microorganisms, had a negative 
charge at values of pH=4—9 [18]. The introduction of sludge created pH=8.54, which corresponded to the presented 
range of values. Activated sludge flakes were negatively charged, since the charge of polymeric substances and 
microorganisms was close to neutral or slightly negative. In this case, the adsorption of extracellular polymers on 
microorganisms occurred due to neutral groups and was not associated with a change in charge. 

Positively charged Ca** cations were present on the sludge surface. The extraction of colloid-bound moisture 
occurred with high efficiency, since when treated with a water treatment sludge acting as a coagulant, charge 
neutralization and particle enlargement occurred and, as a result, there was an increase in moisture yield properties and 
a decrease in sediment resistivity. 

As a result of pretreatment with sludge and further centrifugation, the structure of the sediment of excess 
activated sludge changed. Without pretreatment with sludge, the activated sludge firmly retained moisture and was 
characterized by low moisture yield, while colloid-bound moisture was extracted from the excess activated sludge 
when the sludge was introduced. As a result, a solid phase was formed, which was easily separated from the 
centrifuge centrate after centrifugation. 

Hygroscopic or chemically bound moisture, which made up about 3—8% of the total moisture present in excess 
activated sludge, was extracted only during thermal utilization. 

Next, the mixed sediment, having a humidity of no more than 60-64%, was sent to the molding of fuel pellets with a 
diameter of 5—7 mm using binders of technical lignosulfonate and technical starch. Pellets of this size were designed for 
convenient movement by pneumatic conveying systems, as well as to improve the accuracy of fuel dosing. As binders, 
preference was given to environmentally friendly substances with good heating value and bonding properties. 

Important characteristics of the obtained granules, which affected the efficiency of thermal processing, were the 
technical and thermal properties, which are presented in Table 2. 

According to the research results, the main energy indicator characterizing fuel pellets was the heat of combustion. 
For this reason, granules with technical lignosulfonate were selected for thermal processing, since they had higher 
heating value. The resulting value of the heat of combustion of the developed granules was comparable to the heating 
value of peat. 


Table 2 
Technical characteristics of fuel pellets 


Samples with binders Industrial starch (22% weight) mera 
Moisture content, % 4.8+0.1 3.1+0.1 
Bulk density, kg/m? 828 788 
Ash content, % 29.2 27.9 
Ash color light grey light brown 
Abrasion resistance, % 0.5 0.1 
Heat of combustion, MJ/kg 9,672.6 10,345.5 


Heat of combustion of fuel pellets, in addition to humidity and ash content (external fuel ballast), was determined 


by the ratio of the main elements (C, H, N, S) and depended on the content of combustible elements (carbon, 
hydrogen and sulfur) [13]. 
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Elemental composition of fuel pellets using technical lignosulfonate showed the following values: C? = 30.1%; H? = 2.9%; 
S? = 1.1%; NP = 1.24%. The main combustible elements included carbon (34.1 MJ/kg) and hydrogen (120.5 MJ/kg). Sulfur 
and nitrogen in fuel pellets formed toxic oxides of sulfur and nitrogen, which must be extracted from gas emissions after 
thermal disposal. At the same time, sulfur had a lower heating value (9.3 MJ/kg), and nitrogen was present in fuel granules in 
the form of organic compounds and reduced the heating value of the fuel. 

The technology of sediment utilization based on preliminary dewatering and their thermal processing in a circulating fluidized 
bed with heat recovery of waste gases formed after the process of activated sludge burning and exhaust gases cleaning was 


proposed (Fig. 2). 
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For disposal 


For recycling in construction 


Fig. 2. Process flow diagram of thermal processing of sewage sludge: 
1 — sludge storage hopper; 2 — excess activated sludge storage tank; 
3 — sludge mixing hopper; 4 — decanter; 5 — granulator (extruder); 
6 — fuel pellet storage hopper; 7 — inert material storage hopper; 8 — boiler with circulating fluidized bed; 
9 — flue gas heat recovery boiler; 10 — steam turbine; 
11 — electric generator; 12 — cyclone; 13 — spraying absorber; 
14 — suspended mixture preparation hopper; 15 — activated carbon injection unit; 
16 — bag filter; 17 — activated carbon storage hopper; 18 — chimney; 19 — ash and reaction products collection hopper; 
20 — slag collection hopper 
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Combustion of granules from storage hopper 6 took place in boiler with circulating fluidized bed 8, which was 
characterized by the effect of fluidization or “boiling” due to an ascending gas flow and intensive mixing of particles (with 
the participation of an inert material from hopper 7 — sand (silicon oxide), which had a high specific heat capacity 
(0.835 kJ/(kg K)), stabilizing the temperature of the process with qualitative or quantitative fluctuations of fuel pellets 
based on activated sludge). Intense boiling of the layer contributed to the mixing of fuel granules, oxidizer, and combustion 
products. Therefore, there was no need for additional mechanical mixing of the granules. Natural gas was supplied for 
ignition during the start-up of the installation. 

After combustion, gases with a temperature of about 900—1,200°C passed through heat recovery boiler 9, in which 
chemically desalinated water was heated to a vapor state. Steam was directed to turbine 10, and electric energy was 
generated using electric generator 11. Part of the steam from the heating selections was directed to the enterprise’s own 
needs. Gases cooled to a temperature of 200-250°C were sent for purification to a filter unit consisting of mechanical 
cleaning and equipment for cleaning gas emissions by absorption and adsorption methods. Capture of solid dispersed 
particles was carried out by cyclones and bag filters. Cooled gases entered cyclones 12 to extract fly ash, as well as inert 
material carried out with flue gases. Next, the flue gases were sent to spraying adsorber 13, in which they were 
completely refined from hydrogen chloride, sulfur dioxide, nitrogen oxides, as well as partially from polychlorinated 
dibenzodioxins and dibenzofurans. To do this, the waste of water treatment from hopper | was dosed as a sorption 
material. After spraying adsorber 13, the temperature of the exhaust gases was 140°C. Aftertreatment from 
polychlorinated dibenzodioxins and dibenzofurans was carried out by spraying activated carbon from hopper 17 in 
unit 15 in front of the bag filters. The remaining fly ash, as well as unreacted sludge and chemical reaction products, 
were captured using bag filter 16 and collected in ash and reaction products collection hopper 19. After cleaning the 
flue gases using bag filters 16, a flue gas recirculation method was used to purify emissions into the atmosphere from 
nitrogen oxides by taking 20-30% of the gas media from the flue and feeding them into the active combustion zone of 
boiler with a circulating fluidized bed 8. After complete purification, the exhaust gases were sent to chimney 18. 

Discussion and Conclusion. The research results obtained indicate the presence of an energy potential in the 
developed granules that can be converted into thermal and electric energy while ensuring environmental safety and 
minimizing negative impacts on the environment. 

The choice of a circulating fluidized bed boiler is the optimal solution for this technology compared to other existing 
options, as the intense boiling in the bed contributes to the mixing of fuel granules, oxidizer, and combustion products, 
eliminating the need for additional mechanical mixing. Natural gas is used to ignite the granules during start-up. 

When using fuel pellets made from activated sludge in a boiler with a fluidized bed, thermal decomposition of 
calcium carbonate takes place at a temperature of 900—1,200°C and then further binding of sulfur oxide to produce 
gypsum, followed by its removal. The following reactions occur in the bed: 

CaCO, > CaO +CO, +178.8 kJ/mol; 
CaO +SO, +1/20, > CaSO, —500 kJ/mol. 

Chlorine and fluorine compounds are also present in the organic part of the activated sludge. In the fluidized bed, 
chlorine and fluorine compounds undergo high-temperature decomposition (pyrohydrolysis) with conversion to 
hydrogen chloride and fluoride, which further interact with calcium oxides by the following reactions: 

CaO + 2HCIl— CaCl, +H,0O; 
CaO + 2HF —> CaF, +H,0. 

However, when using this solution, additional purification of gas emissions generated in a boiler with a circulating 
fluidized bed is required, namely: extraction of solid particles formed during combustion of fuel pellets and removed 
from the furnace in the form of fly ash with outgoing gases, as well as removal of residual sulfur oxides, nitrogen, 
polychlorinated dibenzodioxins and dibenzofurans. 

The advantage of the approach proposed in the article is the possibility of neutralizing toxic combustion products 
that are formed during combustion. 

Sulfur oxides, hydrogen chloride and fluoride, as well as polychlorinated dibenzodioxins and dibenzofurans are extracted 
using a spraying adsorber and adsorption aftertreatment of flue gases with activated carbon. Limestone suspension is 
traditionally dosed in a spray adsorber for aftertreatment. Since calcium carbonate is one of the main components of the water 
treatment sludge, its use as a waste reagent of thermal energy is realized. An important condition is good mixing of the 
suspension droplets with the exhaust gases, as well as ensuring fine spraying of the suspension. 


Technosphere Safety 


33 


https://bps-journal.ru 


34 


Safety of Technogenic and Natural Systems. 2024;8(2):26-36. eISSN 2541-9129 


When SO; is absorbed by the sludge of thermal power engineering, chemical reactions occur: 
H,SO,; < SO, +H,0; 
H,SO, + CaCO, +H,0 > CaSO; -H,04+C0, 7. 

The removal of polychlorinated dibenzodioxins and dibenzofurans partially occurs in a spraying adsorber by the 
following reactions: 

CoH, Cle_, -O7 +(9+0.5n)O, > (n-4)H,0+12CO, +(8—n)HCl 
CyH,,Cle_, -0+(9.5+0.5n)O0, > (n-4)H,0+12CO, +(8—n)HCl 

This approach has shown its effectiveness in the incineration of municipal solid waste [19] and can also be 
implemented in practice of thermal disposal of sewage sludge. 

For complete purification of flue gases from nitrogen oxides to the values of permissible emission standards, partial 
recirculation of flue gases is carried out by supplying them to the active combustion zone of the boiler. This approach 
makes it possible to reduce the concentration of NOx to the required values. This method is widely used in the 
combustion processes of power boilers and can also be used for boilers with a circulating fluidized bed. 

The application of the proposed method of thermal neutralization of industrial waste — excess activated sludge and sludge 
of thermal power engineering — by various industries allows us to preserve natural types of organic fuels and reduces the 
anthropogenic load on the environment. At the same time, a double technical and environmental task is solved: effective 
recycling of industrial waste, elimination of sludge pits, sludge collectors and related problems associated with the storage of 
multi-tonnage waste and alienation of territories, as well as obtaining additional energy using an environmentally safe method 
of thermal neutralization. 

Thus, the proposed approach allows for the implementation of an environmentally friendly method of waste disposal 
while implementing environmental protection measures. It effectively recycles multi-tonne waste and implements the 
principle of energy conservation at industrial and municipal facilities that have a wastewater treatment system. 
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O6 aemopax: 

Pernna Anopna Wcxakospa, KaHquyaT TeEXHHYCCKHX HayK, AOWeHT, AOWCHT KaceApbl HHKeCHEPHOM IKONIOTMH U 
Oe30lacHocTH Tpywa Ka3aHcKoro rocyyapcTBeHHoro 3HepreTM4ecKoro yHuBepcuTeta (420066, P®, r. Kasanp, 
yn. Kpacnocemscxaa, 51), SPIN-Koq: 5799-6057, ORCID, ResearcherID, ScopusID, imreginaiskh@gmail.com 


Aptyp Unsecosn4a Hyprasmes, cryqeut3 kypca m0 HalpaBieHHio XHMMYeCKOM TexHOsorMH Ka3aHcKoro 
rocyapcTBeHHOrO 9HepreTMueckoro yHuBepcutTeta (420066, Pd®, r.Ka3aHb, ya. KpacHocesscxas, 51), 
SPIN-xox: 9360-6861, ORCID, artur_nurgaliev022@mail.ru 
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3aA6NeHHbIU 6KIAO aemopoe: 


P.A. Ucxakopa — llocTaHOBKa 3aqaquH UCCICHOBAaHHA, aHasIM3 MOJTYYCHHbIX IKCIICPHMCHTAJIBHBIX Pe3yJIbTATOB, 
ommucaHHe TeopeTuyeckoli yacTH HCCJICHOBaHHA. 


AM. Hyprasmes — IUpopeenve SXKCHeCpHMeHTasIbHbix MccueqOBaHui M0) =ONpeesIeHHIO §=XapaKTepHCTHK, 
00e3B02KHBaHHIO pa3pa0oTKe TONJIMBHBIX paHyJ, odbopmureHue Hay4Hon CTaTbH. 


Kondsukm unmepecoe: aBTopel 3aaBIAOT OO OTCYTCTBHM KOHJIMKTa HHTepecos. 
Bce aemopol npowumaau u odobpuau oKOoNYaMebHolu Bapuanm pyKonucu. 


Tlocrynu.ia B pexakunto 15.02.2024 
Tlocrynu.i1a nocse peen3supospanna 07.03.2024 
Ipunara k nyOsnkannn 18.03.2024 


